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Coatings are frequently applied to gas turbine blades and vanes to provide 
protection against oxidation and corrosion. One class of coatings, known as 
overlay, usually has a nickel base with various protective elements added. 
Since no strengthening elements are included, it has a very low strength and 
becomes highly inelastic in real turbine airfoil applications. By contrast, 
turbine blades and vanes are cast from highly strengthened superalloys, which 
experience very 1 ittle plasticity even though the thermomechanical loadings 
are severe. Strains generated in the superalloy airfoils during engine 
operation are imposed on the much thinner and weaker coating, subjecting it to 
severe cyclic damage, which leads to cracking of the coating. These cracks, in 
turn, are fatigue initiation sights for the airfoil. Hence, the inelastic 
behavior of the overlay coating plays an integral role in controlling the 
thermomechanical fatigue life of an advanced turbine blade or vane. This paper 
reports the results of an experimental and analytical study to develop a 
constitutive model for an overlay coating. Specimens were machined from a hot 
isostatically pressed (HIP) billet of PWA 286 (NiCoCrAlY t Hf t Si). The tests 
consisted of isothermal stress relaxation cycles with monotonically increasing 
maximum strain and were conducted at various temperatures. The results were 
used to calculate the constants for various constitutive models, including the 
classical, the Walker isotropic, a simplified Walker, and the Stowell models. 
A computerized regression analysis was used to calculate model constants from 
the data. The best fit (lowest standard deviation) was obtained for the Walker 
model, with the simp1 if ied Walker and classical models close behind. The 
Stowell model gave the poorest correlation. 
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Introduction 

One of the major goals of the NASA Hot Section Technology (HOST) program, 
which has sponsored this work, i s  the .investigation and development of 
improved durabi 1 i ty  model s for  gas turbine h o t ,  section a1 1 oys. T h i s  broad 
ac t iv i ty  addresses the durabi l i ty  issue considering both crack i n i t i a t i o n  and 
crack propagation of t radi t ional  isotropic  (polycrystal1 ine) and anisotropic 
( s ing le  crystal  and direct ional ly  so l id i f ied)  materials. 

In application, many hot section components a re  coated t o  prevent 
oxidation and corrosion damage (e.g. , combustors and turbine vanes and 
blades). Traditionally,  coated thermomechanical fatigue 1 i f e  prediction 
methods applied t o  those components simply correlated coated specimen 1 ives 
without regard t o  coating/substrate interactions.  A1 though the s ignif icant  
e f f ec t  of coatings on component thermomechanical fatigue l i f e  has been 
establ i shed (References 1-9 , 1 i t t l  e experimental or analytical  work has been 
conducted t o  evaluate the coating const i tut ive behavior necessary t o  provide 
i n p u t  t o  a coating cracking l i f e  prediction model. 

( 2 )  Walker isotropic ,  (3  ! simplified form of Walker isotropic ,  and ( 4 )  the 
Stowell equation t o  NiCoCrAlY overlay coating behavior i s  presented. 
I n i t i a l l y ,  the models are  applied t o  a baseline data s e t  which represents 
typical low and h i g h  temperature tests conducted t o  obtain model constants. 
Next, each model i s  used t o  predict a thermomechanical cycle ver i f icat ion data 
set. To f a c i l i t a t e  model-to-model comparisons, an identical baseline data set 
and automated material constant regression technique was used f o r  each model. 
Standard deviation between the observed and calculated coating stress was used 
as the quant i ta t ive comparison c r i t e r i a  fo r  the baseline data. Finally,  a 
simple two-bar mechanism analysis of a coating/substrate composite s t ructure ,  
exposed t o  an out-of-phase thermomechanical cycle, i s  presented t o  demonstrate 
the vast  d i  ssimi 1 a r i  ty  between coating and substrate behavior. 

In this paper, the a pl icat ion of four const i tut ive models: (1) Classical ,  
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Material and Test Specimen Descriptions 

NiCoCrAlY t Si t Hf (PWA 286) is a typical vacuum plasma sprayed overlay 
type coating used to provide oxidation protection of gas turbine airfoil 
superalloys. Overlay coatings are easily distinguishable from diffusion type 
coatings in that virtually no interfacial diffusion zone occurs as a result of 
the application process. Due to that fact and also the small grained structure 
of overlay coatings in general, PWA 286 i s  considered isotropic in the plane 
of the airfoil surface. As such, bulk specimens were considered useful in 
determining overlay coating constitutive behavior. 

The PWA 285 tested in this research effort was obtained in powder form, 
hot isostatically pressed (HIP) into an ingot, and then heat treated per 
normal engine hardware specifications. Constitutive specimens for both 
isotherinal and thermomechanical experiments were then machined from the ingot 
into the geometry presented in Figure 1. In general, the airfoil applied 
coating contains some porosity near the coating/substrate interface region 
which was not observed in the specimen due to the HIP fabrication process. 

Test Fac i 1 i ty 

The test facility used for the isothermal baseline tests included a 
servo-controlled, closed loop screw driven testing machine with set point 
controllers, an electrical resistance clamshell furnace, and a thermocouple 
for temperature monitoring. Axial deflection measurement was accomplished with 
a capacitance type extensometer. 
placed into small dimples located at the gage section extremities. 

a servo-controlled, closed loop hydraulic testing machine with MTS 
controllers, a 7.5 kW - 10 kHz TOCCO induction heater, and an Ircon infrared 
radiation pyrometer for temperature measurement. Axial deflect ion measurement 
was accomplished with an MTS extensometer. The extensometer quartz rods, which 
define a one-inch gage section, are spring loaded against the specimen and did 
not show any signs o f  slippage during testing. 

The extensometer specimen contact arms were 

The test facility used for the thermomechanical verification test included 

Base1 ine Data 

The baseline data consists of isothermal stress relaxation experiments of 
the sort shown schematically in Figure 2. Although the baseline tests were 
conducted at several elevated temperatures spanning the operating range of 
1000-2000°F, the present discussion is limited to the 1000°F and 1800OF data 
which is representative of low and high temperature behavior. The data from 
these two experiments are presented in Figure 3 .  Similar information at other 
temperatures is available in Reference 1. 
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Candidate Cons t i t u t i ve  Model s 

f o r  the  sake o f  s i m p l i c i t y ,  on ly  the  one-dimensional forms o f  t he  models 
t h a t  were used t o  c o r r e l a t e  the  u n i a x i a l  data are discussed. Expanding the  
model s i n t o  three-dimensional forms requi red  by nonl i near f i n i t e  element 
computer codes was considered unnecessary u n t i l  such t ime t h a t  t he  most 
promising candidate model i s  chosen f o r  continued development. 

o Class ica l  

The c l a s s i c a l  approach (e.g., Reference 10) was one o f  t he  f i r s t  attempts 
a t  developing a nonl inear  model which recognized the  observed d i s s i m i l a r i t y  
between monotonic t e n s i l e  and creep i n e l a s t i c  mater ia l  response. Time 
independent i n e l a s t i c i t y  ( p l a s t i c i t y )  and t ime dependent i n e l a s t i c i t y  (creep) 
are considered as uncoupled components o f  t he  t o t a l  i n e l a s t i c  s t ra in .  

+ E  (1 )  ‘ i n  = ‘p c 

E t L =  ‘e P C  

Thus, t he  t o t a l  s t r a i n  funct ion,  neg lec t ing  thermal s t ra in ,  i s  w r i t t en :  

+ E  + E  (2) 

o r  
= u/E + f ( u )  + g(u, t )  Et 

Both p l a s t i c  and creep s t r a i n  func t ions  f (u ) ,  g(u,t) are chosen t o  prov ide 
adequate d u p l i c a t i o n  o f  the  mater ia l  behavior. from t e s t s  o f  PWA 286, i t  was 
determined t h a t  both func t ions  cou ld  be described by simple power law 
re la t ionsh ips :  

( 3 )  

dg = (  $f4 d t  

o Walker 

The Walker model (Reference 11) i s  among a new generation of c o n s t i t u t i v e  
models based on a u n i f i e d  v i scop las t i c  approach which considers a l l  nonl inear  
behavior as t ime dependent i n e l a s t i c i t y .  No d i s t i n c t i o n  i s  made between 
p l a s t i c  and creep i n e l a s t i c  ac t i on  as i n  the  Class ica l  model. Walker, from h i s  
e a r l i e r  work on Haste l loy  X, chose t o  express i n e l a s t i c  behavior by a power 
law r e l a t i o n s h i p  which can be w r i t t e n  as: 

n 
E i n  = ( ? )  (6’) 
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where n i s  a constant and 0, back stress, and K, drag stress, a re  s t r a i n  
h i  story. dependent i n t e r n a l  s ta te  var iab les  which describe kinematic and 
i s o t r o p i c  c y c l i c  hardening, respect ive ly .  

The back s t ress term i s  a quan t i t y  which phys i ca l l y  corresponds t o  t h e  
asymptotic s t ress  s ta te  under r e l a x a t i o n  condi t ions.  Q u a l i t a t i v e l y ,  t he  
evo lu t ionary  expression f o r  back s t ress  i s  a sum o f  opposing hardening and 
thermal and dynamic recovery components which can be character ized as: 

ir = f (k in ,  € in ,  T, t )  - g (k in ,  0, T, t )  ( 7 )  

Drag s t ress  i s  a quan t i t y  which represents a res is tance t o  i n e l a s t i c  f low, and 
i s  considered a func t i on  o f  t h e  e f f e c t i v e  s t ra in ,  € i n  eff. 

K = K1 - K2 exp (-n7 tin ef f  1 

where: K 1  = f u l l y  hardened/softened drag s t ress 

K 1  - K2 = i n i t i a l  drag s t ress.  

Thus, t he  drag s t ress  func t i on  i s  a monotonical ly increas ing r e l a t i o n s h i p  
descr ib ing  i s o t r o p i c  hardening ( K p 0 )  o r  sof ten ing (K2<0). The Walker 
model form used for t h i s  i n v e s t i g a t i o n  i s  given below: 

(9a) i n  + ;  €t = 'e 

n 
E i n  =(?) 

K = K1 - K 2  exp (-n7 eff 1 

' i n  e f f  = l ' i n l  € 

References 11 and 12 prov ide a d e t a i l e d  discussion o f  Walker's and o ther  
u n i f i e d  approaches. 
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o S i m p l i f i e d  Walker 

This  model i s  i d e n t i c a l  t o  the  Walker model except t h a t  a l l  back s t ress  
terms were el iminated. 

= (a/KIn i n  
the  expression f o r  ;in i s  equ iva len t  t o  the  Class ica l  model power law creep 
equation; however, i n  t h i s  case, t he  drag s t ress  term, K, i s  no t  a constant, 
b u t  an evo lu t ionary  var iab le.  From a s i m p l i c i t y  standpoint, t h i s  model i s  very 
a t t r a c t i v e .  

o Stowel l  

The Stowel l  model (References 13 through 15) i s  another form o f  a u n i f i e d  
v i s c o p l a s t i c  approach i n i t i a l l y  developed t o  s imulate heat ing  r a t e  e f f e c t s  on 
y i e l d i n g  o f  metals. It considers i n e l a s t i c  ac t i on  based on an apparent 
a c t i v a t i o n  energy l e v e l  and uses a hyperbo l i c  s ine  s t ress  func t ion .  

k i n  = 2s T exp (=$) s inh  (k) 
V e r i f i c a t i o n  Data 

(11) 

Q u a l i t a t i v e  eva lua t ion  o f  t h e  p r e d i c t i v e  c a p a b i l i t i e s  o f  t h -  candidate 
c o n s t i t u t i v e  models was accomplished by app l i ca t i on  t o  v e r i f i c a t i o n  data 
cons is t i ng  o f  an out-of-phase thermomechanical waveform. Thermomechanical 
cyc les inc lude complex ma te r ia l  behavior such as s t ress  r e l a x a t i o n  and 
p l a s t i c i t y  which i s  use fu l  f o r  exerc is ing  the  models. The out-of-phase c y c l i c  
cond i t i on  i s  o f  p a r t i c u l a r  i n t e r e s t  i n  t h a t  such cond i t ions  are  t y p i c a l  o f  gas 
t u r b i n e  a i r f o i l  ex te rna l  surfaces where many thermomechanical f a t i g u e  cracks 
o r i g i n a t e  i n  t h e  coat ing.  

Cor re la t i on  o f  Basel ine Data 

Base1 i ne data c o r r e l a t i o n  by each candidate c o n s t i t u t i v e  model i s  
presented i n  f i g u r e s  4 and 5, and a summary o f  the  corresponding standard 
dev ia t ions  i s  g iven i n  Table I .  The mater ia l  constants f o r  each model obtained 
from the  basel ine t e s t s  are presented i n  Table 11. 
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As expected, t h e  C l a s s i c a l  model regress ion  i n d i c a t e d  t h a t  p l a s t i c i t y  
dominates t h e  i n e l a s t i c  response a t  low temperature w h i l e  creep dominates a t  
h i g h  temperature. The Walker and S i m p l i f i e d  Walker models c o r r e l a t e  t h e  da ta  
s i m i l a r l y .  It seems t h a t  t h e  added complex i ty  o f  i n c o r p o r a t i n g  back s t r e s s  i s  
unnecessary f o r  model ing t h i s  isothermal  data set .  The Stowel l  model 
c o r r e l a t e d  t h e  basel  i n e  i n f o r m a t i o n  t h e  poorest .  

Based on standard d e v i a t i o n  and t h e  g iven b a s e l i n e  data set ,  t h e  candidate 
c o n s t i t u t i v e  models can be l i s t e d  i n  o rder  o f  c o r r e l a t i o n  c a p a b i l i t y  as 
fo l lows:  ( I )  Walker, ( 2 )  S i m p l i f i e d  Walker, ( 3 )  Class ica l ,  and ( 4 )  Stowel l .  

P r e d i c t i o n  o f  Thermomechanical V e r i f i c a t i o n  Data 

Exper imental  and p r e d i c t e d  thermomechanical f a t i g u e  (TMF) waveforms a r e  
presented i n  F i g u r e  6. 

The h i g h  temperature response o f  t h e  TMF c y c l e  was f a i r l y  w e l l  p r e d i c t e d  
by a l l  t h e  models, b u t  none were a b l e  t o  p r e d i c t  t h e  e x t e n t  o f  t h e  low 
temperature t e n s i l e  i n e l a s t i c i t y .  I n  f a c t ,  o n l y  t h e  Walker and C l a s s i c a l  
models managed t o  p r e d i c t  any low temperature y i e l d i n g .  The S i m p l i f i e d  Walker 
and Stowel 1 model s p red ic ted  thermoel a s t i c  t e n s i  1 e responses. 

The a b i l i t y  of t h e  Walker model t o  p r e d i c t  t h e  observed t e n s i l e  y i e l d i n g  
t r e n d  can be exp la ined as f o l l o w s :  d u r i n g  t h e  compression/heating p o r t i o n  o f  
t h e  c y c l e  ( p o i n t s  A t o  B ) ,  t h e  m a t e r i a l  re laxes,  c r e a t i n g  a compressive back 
s t r e s s .  Then, d u r i n g  t h e  t e n s i l e / c o o l i n g  p o r t i o n  o f  t h e  c y c l e  ( p o i n t s  B t o  C), 
t h e  back s t r e s s  moves deeper i n t o  compression due t o  temperature r a t e  e f f e c t s .  
Thus, t h e  " e f f e c t i v e "  s t r e s s  ( o - n ) ,  a t  which y i e l d i n g  i n i t i a t e s ,  occurs a t  a 
lower  a p p l i e d  t e n s i l e  s t ress.  

The a b i l i t y  o f  t h e  C l a s s i c a l  model t o  p r e d i c t  some low temperature 
y i e l d i n g  r e f l e c t s  t h e  f a c t  t h a t  t h i s  model d i d  n o t  reproduce t h e  observed low 
temperature y i e l d i n g  t rend. Had t h e  C l a s s i c a l  model c o r r e l a t e d  t h e  1000°F 
behavior  b e t t e r ,  i t  i s  f e l t  t h a t  t h e  low temperature t e n s i l e  p o r t i o n  o f  t h e  
TMF p r e d i c t i o n  would have been more l i k e  t h e  S i m p l i f i e d  Walker and S t o w e l l  
models...thermoelastic. 

Simul a t i  on o f  Coated Supera l l  oy C o n s t i t u t i v e  Behavior 

A s imple one dimensional two-bar mechanism s i m u l a t i o n  o f  c o a t i n g  and 
s u b s t r a t e  c o n s t i t u t i v e  behavior  was performed t o  he1 p v i  sua1 i ze t h e  c o a t i n g  
response t o  TMF c y c l i n g  as would occur on an a i r f o i l .  A schematic o f  the  
two-bar mechanism and t h e  p r e d i c t e d  r e s u l t s  a r e  presented i n  F i g u r e  7. 

A thermo-e last ic  creep niodel was used f o r  t h e  PWA 1480 coo l>  and the  
Walker model was used f o r  t h e  PWA 286. Note t h a t  t h e  mechanical s t r a i n  range 
o f  t h e  PWA 286 i s  0.25 percent  h i g h e r  than t h e  PWA 1480 subst rate.  T h i s  i s  due 
t o  t h e  thermal  growth and s t r e n g t h  c h a r a c t e r i s t i c s  o f  both m a t e r i a l s .  Upon 
load r e v e r s a l ,  h i g h  s t r e s s  and p l a s t i c i t y  a r e  generated i n  t h e  c o a t i n g  as t h e  
s t r u c t u r e  i s  cooled. 
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Summary and Conclusions 

1. Four candidate coat ing  c o n s t i t u t i v e  models were evaluated based on the 
a b i l i t y  t o  c o r r e l a t e  a basel ine data s e t  cons i s t i ng  o f  isothermal s t ress  
r e l a x a t i o n  experiments. The f o u r  models presented can be ranked as 
fo l lows:  (1 )  Walker, ( 2 )  S i m p l i f i e d  Walker, ( 3 )  C lass ica l ,  and ( 4 )  Stowel l  
based on the standard dev ia t ion  o f  the co r re la t i on .  

2. An out-of-phase thermomechanical cyc le  was used t o  evaluate the fou r  
candidate models. Although none o f  the models accura te ly  p red ic ted  the TW 
cyc le,  a back s t ress  fo rmula t ion  such as i s  incorporated i n  the Walker 
model i s  considered necessary t o  dup l i ca te  the observed mater ia l  behavior. 

3. A one-dimensional two bar  mechanism was u t i l i z e d  t o  ca l cu la te  PWA 286 
coa t ing  behavior on a PWA 1480 <001> subst rate dur ing out-of-phase 
thermomechanical cyc l ing .  The coat ing  was pred ic ted  t o  have s i g n i f i c a n t l y  
l a r g e r  mechanical s t r a i n  range and reverse i n e l a s t i c i t y  than the PWA 1480 
substrate.  
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I Walker 

S i m p l i f i e d  
Walker 

C1 assical 

S towel 1 

Table I 

Summary o f  Const i tu t ive  Model Regression F i t  
Standard Deviat ion ( 1  s t d  dev., i n  p s i )  

1 OOO'F 1400'F 1600°F 1800°F 2000°F 

2000 181 5 633 153 101 

2041 1717 876 220 119 

2255 1878 736 300 127 

6541 2091 1044 377 1 40 
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TABLE I1 

E 

Walker 

w 
K 1  
K2 

Sinipl i f  i e d  
Wa 1 k e r  

n 
"7 
K 1  
K2 

C l a s s i c a l  

Stowel 1 

S 
AH 
00 

Summary o f  C o n s t i t u t i v e  Model Regressed Temperature 
Dependent Mater ia  1 Constants 

1000°F 1400°F 1600°F 1800°F 2000°F 

.185E8 .1E8 .8E7 .3E7 .1E7 

26.85 
1617.0 
2369.0 

253.3 
.2389E-4 
.4955E7 

1.2 
.1736E6 
.3315E5 

3.318 2.240 2.036 
704.6 806.0 1316.0 

1202 .o 2653.0 1900.0 
58.5 131.7 38.87 

.1469E-3 .5504E-3 .2184E-3 

.4006E6 .5625E6 .7500E5 
1.2 1.2 1.2 

.5845E6 .54 10E6 .2053E6 

.2048E6 .3624E6 -. 1094E4 

1.649 
1573.0 

184.3 
113.7 

.1340E-3 
.33 12E5 

1.2 
.1435E6 

- .47 11E5 

29.57 3.554 3.424 3.295 3.295 
787.7 770.4 405.3 100.6 156.0 

.1865EG .5 164E6 .1545E6 .5044E5 .1408E5 

.435 1 E5 .2302E6 .4906E5 .2370E5 .5820E4 

.3054E6 .5153E6 .3325E6 .8385E5 .4753E5 
7.579 2.711 2.026 2.261 2.183 

.7778E6 .4885E6 .1928E6 .486 1 E5 .8368E4 
7.325 3.627 3.207 3.214 3.909 

.1156E- 11 .7814E-10 .1529E-9 .1282E-8 .7478E-9 
.2193E7 .447 1 E6 .3640E6 ,1668E7 .1121E7 
.1376E5 4971. 1682. 681.6 191.3 
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Figure 1 PWA 286 Stress  Relaxation Specimen Design 

Figure 2 
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Typical Isotkernial Stress  Relaxation Experiment 
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Figure  3 1000°F and 1800'F PNA 286 Basel ine Stress Relaxat ion Data 
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